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FOREWORD 

This  report  is  a  summary  of  investigations  performed  by  the  author  during 
the  time  interval  June  1971  to  September  1973  under  the  auspi~es  of  the  following 
programs:  (1)  AMCMS  Code  Number  501B.11.855,  Research  in  Materials,  work  unit 
entitled  X-Ray ,  Optical ,  and  Mechanical  Characteristics  of  Ceramic  Materials 
(X.O.  33322);  (2)  AMCMS  Code  Number  501A.11.844,  In-House  Laboratory  Independent 
Research,  work  unit  entitled  Fabrication  of  Novel  Ceramic  Base  Materials 
(X.O.  33301);  (3)  AMCMS  Code  Number  502E. 11.296,  Ceramic  Materials  Research  for 
Army  Materiel,  work  unit  entitled  Synthesis  of  Boron  Compounds  (X.O.  33C07) ;  and 
(4)  ARPA  Order  Number  2181,  AMCMS  Code  Number  5911.21.66022,  work  unit  entitled 
Mechanics  of  Brittle  Materials  (X.O.  32681).  All  presented  data  were  derived  in 
support  of  one  of  the  above  programs  and  this  report  is  a  compilation  demonstrat¬ 
ing  trends  in  thermal  and  acoustic  fatigue  of  ceramics  and  their  evaluation. 
Details  of  many  of  the  results  and  techniques  are  published  elsewhere  and  will 
not  be  repeated  in  this  report. 

The  author  wishes  to  acknowledge  and  to  express  his  gratitude  to  R.  N.  Katz 
and  C.  P.  Gazzara  for  their  encouragement  and  support  of  these  investigations. 

The  cooperation  by  the  Ceramics  Research  Division  staff,  particularly  J.  W.  Mc¬ 
Cauley  and  S.  K.  Dutta  is  similarly  acknowledged,  and  thanks  are  due  R.  F.  LaSala 
for  his  technical  aid  in  constructing  the  high-temperature  fatigue  apparatus. 
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NOMENCLATURE 


Thermal  shock  parameter  useful  for  predicting 
resistance  to  thermal  fracture  under  severe 
quench,  e.g.,  water  quench. 

Thermal  shock  parameter  useful  for  predicting 
resistance  to  thermal  fracture  under  mild  quench, 
e.g.,  air  quench . 

Bend  strength  measured  by  four-point  loading. 
Poisson's  ratio. 

Coefficient  of  thermal  expansion. 

Thermal  conductivity. 

Young's  modulus. 

Shear  modulus. 

Internal  friction. 

Crack  density  per  unit  volume. 

Mass . 

First  mode  of  flexural  resonant  frequency. 

First  mode  of  torsional  resonant  frequency. 

Difference  between  high  temperature  and 
quenching  medium  t°mperature. 

AT  just  sufficient  to  cause  thermal  fracture 
initiation  when  quenching  into  water  at  room 
temperature. 

ATC  +  25  C  (water  at  room  temperature) . 

AT  just  sufficient  to  cause  thermal  fracture 
initiation  when  quenching  into  any  environment. 

Difference  between  the  two  frequencies  at  which 
the  amplitude  in  a  resonant  peak  defining  F  is 
one  half  the  maximum  amplitude. 

Effective  fracture  surface  energy. 


Preceding  page  blank 


INTRODUCTION 


When  used  as  components  in  applications  such  as  gas  turbine  engines,  ceram¬ 
ics  are  exposed  to  an  environment  which  may  degrade  cheir  structural  integrity. 

Two  environmental  conditions  to  which  this  work  was  directed  were  (1)  strength 
deterioration  due  to  thermal  stresses  (thermal  shock)  and  (2)  reduced  structural 
integrity  due  to  low  stress  oscillations  in  the  kilocycle  range  (acoustic  fatigue) . 
Besides  inducing  thermal  shock  and  acoustic  fatigue  conditions  on  various  ceram¬ 
ics,  methods  of  evaluating  the  effects  of  these  conditions  were  tested.  Whereas 
measuring  strength  changes  before  and  after  thermal  shock  or  acoustic  fatigue  is 
the  classical  approach  to  detecting  reduced  structural  integrity,  sonic  measure¬ 
ments  of  Young's  modulus  and  internal  friction  are  valuable  adjuncts  to  the 
former  method. 

This  report  is  directed  toward  three  major  objectives:  (1)  a  literature 
survey  is  provided  which  formed  the  background  for  the  investigation;  (2)  exper¬ 
imental  techniques  used  or  developed  are  described;  (3)  significant  results  are 
recorded . 


LITERATURE  SURVEY 


The  purpose  of  this  literature  survey  is  to  list  pertinent  references  and 
provide  a  broad  description  of  the  background  material  forming  the  basis  for 
the  experiments. 

Thermal  Shock1*22 


The  response  of  brittle  ceramics  to  thermal  shock  at  a  given  AT  depends  on 
the  severity  of  the  shock  which  in  turn  is  dependent  upon  the  quench  medium 
environment.  Therefore,  it  is  appropriate  to  consider  two  conditions  of  thermal 
shock:  severe  shock,  represented  by  water  quenching,  and  less  severe  shock, 
represented  by  air  quenching. 


The  strength  of  a  ceramic  after  severe  thermal  shock  is  normally  constant 
as  the  severity  of  thermal  shock  AT  is  increased  until  thermal  cracks  are  nucle¬ 
ated  at  ATC  (Figure  1).  An  increasing  ATC  for  different  ceramics  thus  corresponds 
to  an  increasing  resistance  to  thermal  fracture  initiation.  Kingery,2  utilizing 
thermoelastic  theory,  and  Hasselman,11  following  a  fracture-mechanical  approach, 
present  a  thermal  shock  parameter  R  which  allows  one  to  calculate  the  relative 
resistances  of  ceramics  to  fracture  nucleation  undergoing  severe  thermal  shock, 


AT 


c 


-  sU-v) 

E  a  ‘ 


(1) 


Although  the  relationship  between  ATC  and  R  is  not  precise,  the  validity  of 
Equation  1  has  been  demonstrated;  it  enables  the  design  engineer  to  identify 
those  variables  which  would  contribute  to  an  increased  ATC . 


A  second  aspect  of  severe  thermal  shock  which  is  of  particular  interest 
to  the  design  engineer  is  the  extent  of  damage  once  ATC  has  been  attained.  The 
fracture-mechanical  approach  to  deriving  thermal  damage  parameters  assumes  that 
crack  propagation  will  occur  when  the  strain-energy  release  rate  exceeds  the 
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"  Constant  Strength 
(No  Fracture  Nucleation) 


Instantaneous  Decrease  in 
Strength  (Crack  Propagation) 

/ —  Constant  Strength 
/  (Cracks  Subcritical) 


Figure  1.  Typical  strength  behavior 
of  a  thermally  shocked  ceramic. 
(Ref.  11) 


Temperature  Difference  of  Thermal  Shock 

energy  required  to  propagate  cracks.  Thermal  strain  energy  is  thus  the  driving 
force  and  must  overcome  all  mechanisms  which  dissipate  energy  during  crack 
propagation.  Two  parameters  have  been  derived.5 

R'"  -  [Thermal  Strain  Energy]'1  =  E/(S2(l-v))  ( 

and  R  ’  "  *  =  [Effective  Fracture  Surface  Energy]  R""  =  Ey/(S2  ( 1-v) )  .  (3) 

For  applications  in  wnicii  thermal  fracture  cannot  be  avoided.  Equations  2 
and  3  may  be  used  as  guides  fcr  increasing  resistance  to  thermal  damage.  Pos¬ 
sibilities  include  additions  of  clastic  discontinuities  which  scatter  elastic 
waves  and  dissipate  energy,  increasing  porosity  which  reduces  the  thermal  strain 
energy  available  and  also  increases  the  effective  fracture  surface  energy,  and 
reducing  strength  by  introducing  flaws. 

In  evaluating  the  response  of  brittle  ceramics  to  thermal  shock,  practical 
problems  arise.  The  first,  locating  ATC,  is  simplified  if  ceramics  have  short 
"critical"  cracks  prior  to  thermal  shock,  where  a  critical  crack  is  one  which 
controls  the  macroscopic  strength  of  the  specimen.  Figure  1  depicts  the  strength 
behavior  of  thermally  shocked  ceramics  having  short  critical  cracks.  However, 
with  long  critical  cracks,  strength  degradation  is  not  catastrophic  but  gradual 
and  the  location  of  AT£  is  more  difficult. 

Another  problem  in  evaluation  is  the  method  of  assessing  thermal  damage. 
Measuring  differences  in  strength  as  AT  is  varied  yields  restricted  information 
since  this  technique  only  detects  changes  in  the  length  of  the  critical  crack. 
Internal  friction,  however,  measures  changes  in  crack  area  and  thus  represents 
the  complete  spectrum  of  cracks,  as  explained  below.  Logically,  internal  fric¬ 
tion  and  R'"  or  R""  should  correspond  closely  since  the  two  parameters  were 
derived  on  the  basis  of  creating  surface  area,  the  dimension  measured  by  internal 
friction.  Using  strength  and  internal  friction  techniques  concurrently  gives 
particularly  beneficial  results;  for  example,  if  a  microstructure  were  to  allow 
increased  damage  via  propagation  of  noncritical  cracks  rather  than  critical  cracks, 
this  could  be  readily  detected  by  comparing  strength  and  internal  friction  data. 
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Whereas  the  resistance  to  fracture  initiation  under  severe  quenching  is  gov¬ 
erned  by  one  parameter,  R,  less  severe  thermal  shock  is  governed  by  two  parameters, 
R  and  heat  transfer.  Thus,  a  material  which  is  superior  to  another  material  in 
one  type  of  thermal  shock  test  may  be  inferior  in  another.  Figure  2  depicts  dif¬ 
ferences  in  AT  sufficient  to  cause  thermal  fracture  initiation  in  a  variety  of 

environments,  denoted  by  ATf,  as  a  function  of  heat  transfer.  Differences  in 
thermal  conductivity  among  materials  will  create  similar  effects.  As  an  example,1 
the  resistance  to  fracture  of  BeO  is  superior  to  AI2O3  during  air  quenching  but 
inferior  in  the  more  severe  water  quench.  The  reason  for  this  difference  is  that 
thermal  conductivity  is  larger  for  BeO  which  compensates  for  a  smaller  R  in  an 
air  quench.  In  the  water  quench,  however,  there  are  no  compensating  factors  for 
the  smaller  R  so  that  BeO  is  less  resistant  to  thermal  fracture  initiation  than 
AI2O3 .  For  mild  thermal  shock,  then,  an  additional  thermal  shock  parameter  is 

R'  =  Rk.  (4) 

One  other  parameter  besides  R  and  heat  transfer  which  affects  the  size  of 

ATf  is  specimen  geometry.  This  is  particularly  true  for  materials  in  which  fail¬ 

ure  is  influenced  not  only  by  the  maximum  stress  but  also  by  the  distribution  of 
the  stress  in  the  material.  This  is  taken  into  account  by  the  equation 


0.001  0.003  0.01  0.03  0.1  0.3  1.0  3.0  10.0 

rmh  (cal’sec-1  •°C_1  •crtf 2,cm) 


Figure  2.  Variation  in  maximum  quenching  temperature  sufficient 
to  cause  fracture  initiation  ( A Tf )  with  different  rates  of  heat  transfer 
(rmh).  (Ref.  2) 
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where  rm  is  a  thickness  or  radial  dimension,  h  is  the  heat  transfer  coefficient, 
and  S  is  a  geometric  factor.  In  Figure  2,  R',  and  hence  k,  is  held  constant  and 
rmh  is  varied.  It  is  apparent  that  reduced  size  increases  ATf. 

Thermal  and  Mechanical  Fatigue23-29 

Repeated  cycles  of  stress  below  the  fracture  strength  of  a  ceramic,  whether 
of  thermal  or  mechanical  origin,  may  cause  fatigue.  Two  approaches  to  explain¬ 
ing  the  sources  of  fatigue  have  been  propounded.  (1)  A  structurally  coherent 
ceramic  should  survive  cyclical  stressing  indefinitely  if  the  stress  level  is  be¬ 
low  the  bend  strength.  Any  fatigue  effects  will  be  due  to  growth  of  pre-existing 
flaws.23  (2)  Deformation  occurring  during  repeated  stressing  may  be  a  source  of 
fatigue.24*28  For  example,  the  generation  of  lattice  defects  contributes  to 
cyclic  fatigue  failure  in  AI2O3.  As  this  cause  of  fatigue  is  a  thermally  acti¬ 
vated  process,  fatigue  would  be  enhanced  at  higher  temperatures,  a  particularly 
significant  point  if  such  ceramics  are  exposed  to  sonic  frequency  vibrations  for 
extended  periods  at  high  temperatures,  as  in  the  turbine  engine.  Both  of  the 
above  approaches  are  probably  operative  and  the  dominant  mechanism  of  fatigue 
depends  upon  whether  plastic  deformation  occurs  at  the  temperature  in  question. 

Sonic  Measurements30-38 


Sonic  measurements  were  used  extensively  in  this  program  to  evaluate  the 
structural  integrity  of  ceramics  via  measurement  of  Young's  modulus  and  internal 
friction. 


The  following  equations  relate  sonic  moduli  to  the  measured  resonant  fre¬ 
quencies  for  specimens  of  rectangular  cross  sections: 

CmF2 


E  =  0.94645 


B 


where  C  =  (D/L)-3  [1  =  6.5850  (1  +  0.0752v  +  0.8109v2)  (D/L)2 

-  100-083  (1  *  °'2023v  +  2-173^)  CD/L)4  n  8fi8n,  rn/n4l. 

12  +  76.06  (1  +  14.081v  +  1.536v*)  (D/L)2  -  0,86806  (D/LJ  J, 


G  =  -4LRmFt2 


where  R  = 


v  = 


A/B  +  B/A 
4(A/B) 

E-26 
26  ’ 


’2.52  (A/bJ2  +  0.21  (A/B)6; 


(6) 


(7) 


(8) 


where  S  is  the  ar^a  of  the  cross  section,  R  and  C  are  shape  factors,  A  is  the 
length  of  the  smallest  dimension,  B  is  the  length  of  the  larger  dimension,  L  is 
the  length  of  the  specimen,  and  D  is  the  dimension  of  the  cross  section  parallel 
to  the  direction  of  vibration. 


From  (6),  (7),  and  (8)  it  may  be  deduced  that  the  functional  relationships 
between  the  sonic  measurements  and  mechanical  properties  are  E  =  f(F,v) , 


G  =  f(Ft) ,  and  v  =  f(E,G) .  Ft  may  be  difficult  to  determine  and  E  is  normally 
the  most  important  property  desired;  therefore,  assuming  v  =  0.25,  a  value  for 
E  may  be  calculated  from  the  dimensions  and  F.  The  assumption  of  the  value  for 
v  is  reasonably  accurate  for  most  ceramics,  and  because  of  the  analytical  rela¬ 
tionship  between  v  and  E  small  errors  in  v  would  have  only  a  small  influence  on  E. 

A  ceramic  subjected  to  a  stress  which  damages  the  microstructure  will  exhibit 
in  a  reduced  Young's  modulus.  35-33  Berry37  derived  the  following  expression, 
qualitatively  describing  this  effect, 

Eeff  =  Eq(1  +  27TN12)-1,  (9) 

where  Eeff  =  effective  E  of  damaged  microstructure,  N  =  crack  density,  EQ  = 
original  E,  and  1  =  the  crack  half-length.  As  temperature  increases,  several 
ceramics  have  increasing  sonic  moduli  which  parallels  crack  healing .  35-:,fl  Also 
in  accordance  with  Equation  9,  E  becomes  smaller  as  ceramics  are  subjected  to 
increasing  thermal  shock. 


The  amplitude  of  a  freely  vibrating  specimen  will  decrease  with  time.  The 
rate  of  loss  of  this  vibrational  energy  is  termed  damping  capacity  or  internal 
friction ,  Q-1.  Internal  friction  is  a  function  of  various  microscopic  and  macro¬ 
scopic  processes  within  the  specimen  which  absorb  or  dissipate  energy . 39-46 


Two  methods  have  been  used  to  measure  Q-1 .  One,  the  bandwidth  method, 
utilizes  the  following  relationship, 

Q-‘ .  M-  (10) 

where  Af  is  the  difference  between  the  two  frequencies  at  which  the  amplitude 
of  a  vibrating  specimen  is  one  half  the  maximum.  A  second  method  involves 
measuring  the  time  of  decay  from  amplitude  Aq  to  Aj, 


Q 


-i  = 


l 

Fnt 


(11) 


where  t  is  the  time  interval  of  decay.  From  the  form  of  the  equations,  Equa¬ 
tion  10  should  be  most  useful  for  large  values  of  Q_1  and  Equation  11  more 
appropriate  for  low  values  of  Q_1. 


The  absorption  of  acoustic  energy  may  occur  by  elastic  after-effects 
(relaxation  processes)  or  inelastic  deformations  (mechanical  hysteresis) .  Sig¬ 
nificantly,  a  relaxation  process  is  characterized  by  having  a  peak  energy  absorp¬ 
tion  at  a  given  temperature  and  frequency.  Examples  are  point  and  line  defect 
mobilities,  viscous  flow,  and  grain  boundary  sliding.  Mechanical  hysteresis, 
on  the  other  hand,  does  not  exhibit  a  single  relaxation  peak;  dissipation  of 
energy  is  relatively  independent  of  temperature  and  frequency.  Line  defect 
mobility  and  interfacial  friction  fall  within  this  category.  In  the  following 
sections  each  absorption  process  will  be  briefly  reviewed. 


Point  Defect  Relaxations47-53 

Defects  may  respond  to  externally  applied  stresses  in  such  a  way  to  cause 
inelasticity.47  For  instance,  the  Snoek  relaxation  in  metals  is  caused  by 
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interstitial  impurity  movements.  Rutile49  shows  a  similar  behavior.  Anion  vacan¬ 
cies  are  another  type  of  point  defect  which  causes  relaxation  peaks . 48  *  50  » 52 » 53 

Another  proposed  relaxation  involves  an  electronic  transition,  although  this  was 
not  substantiated.51 

Line  Defect  Relaxations54-64 

Dislocation  behavior  of  ceramic  crystals  has  been  studied  by  internal  fric- 
ion  met  o  s.  Both  relaxation  and  hysteresis  phenomena  have  been  observed, 

and  a  complete  review  of  dislocation  damping  may  be  found  in  Burdett  and  Queen.62.6 
Of  the  relaxation  effects  Bordoni54  first  observeu  while  coldworking  metals  that 
an  internal  friction  peak,  later  called  the  Bordoni  peak,  increased  with  cold¬ 
working  and  decreased  with  annealing.  The  Bordoni  peak  occurs  at  a  particular 
temperature  and  frequency  which  is  characteristic  of  a  relaxation  process.  Other 
lslocation-induced  relaxation  peaks  have  since  been  observed  in  metals  and  ceram- 
tcs.  btrain-ampiitude-depcndent  damping,  typical  of  hysteresis  effects,  occurs 
at  all  frequencies  and  has  been  related  to  the  movement  of  dislocation  loops 
over  large  distances.  The  hysteresis  behavior  ha;  been  attributed  to  these  loops 
following  different  paths  during  the  loading  and  unloading  sequences  of  the  cycle. 

Viscous  Flow  Damping65 

A  viscous  material  exhibits  a  relaxation  peak  which  arises  from  two  proper - 
ies.  (1;  energy  dissipated  =  relative  displacement  *  shear  stress;  (2)  shear 
s  ress  -  viscosity  coefficient  *  shear  stress  rate.  As  temperature  increases, 
isplacement  also  increases  due  to  decreased  viscosity,  whereas  shear  stress 
decreases  from  the  second  property  above.  Since  displacement  tends  to  increase 
and  shear  stress  tends  to  decrease,  the  amount  of  dissipated  energy,  internal 
tnction  passes  through  a  maximum  as  temperature  is  increased.  Kerper  and 
Scuderi  noted  viscous  flow  relaxation  in  glasses  above  the  annealing  range 
Thermally  tempered  glass  did  not  exhibit  viscous  flow  significantly  below  the 
annealing  range. 

Grain  Boundary  Slip66-78 

This  process  has  been  extensively  studied  in  ceramics,  although  little  has 
been  done  in  recent  years.  Initial  research  was  conducted  on  metals  Ke66.67 
was  the  first  investigator  to  identify  internal  friction  behavior  at  higher  tem- 
peratures  as  attributabie  to  grain  boundary  slip.  From  his  work  on  metals,  he 
attributed  the  relaxation  peak  to  the  viscous-like  behavior  of  grain  boundaries 
since  it  had  properties  similar  to  viscous  flow  relaxation.  Ke66  also  derived 
an  expression  describing  the  effective  grain  boundary  viscosity. 

T,  theor>'  of  8rain  boundary  slip  has  since  been  extended  to  ceramics. 

Ihe  following  properties  have  been  observed  to  change  simultaneously  with  the 
occurrence  of  the  internal  friction  relaxation  peaks:77  (1)  onset  of  transient 
creep  (2)  nonlinear  variation  of  Young's  modulus  with  temperature  curve;  and 
f3)  reduction  m  strength  at  high  temperatures.  Stuart73  demonstrated  the  simi- 
anty  in  activation  energies  between  internal  friction  and  transient  cre«n  in 
alumina  and  observed  the  coincidence  between  the  temperature  of  the  onset'of  creep 
and  enhanced  internal  friction.  By  implication,  relating  internal  friction  to 
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grain  boundary  slip  should  suggest  that  the  above  property  changes  are  also  a 
function  of  grain  boundary  behavior.  Wachtman  and  Lam89  and  Chang88*70  did  show 
internal  friction  to  be  a  function  of  grain  boundary  behavior  by  comparing  the 
energy  dissipation  of  single  crystals  and  polycrystals  of  alumina.  The  high  tem¬ 
perature  internal  friction  peak  was  absent  from  the  single  crystals.  Hanna  and 
Crandall7^  also  found  a  relationship  between  internal  friction  magnitude  and  the 
mean  grain  surface  area  in  magnesia  at  room  temperature,  suggesting  that  grain 
boundary  slip  might  also  exist  at  room  temperature.  In  all  of  the  above  cases, 
the  relaxation  peak  was  approximately  1000  C. 

Precipitation  at  grain  boundaries  of  lower  viscosity  phases  enhances  grain 
boundary  slipping,  as  might  be  expected.  ReO78  exhibits  grain  boundary  damping 
which  is  enhanced  by  MgF2  segregation,  and  UC^_X)  has  a  much  lower  temperature 
relaxation  peak  than  UC^+X^  due  to  precipitation  of  uramium  metal  on  the  grain 
boundaries.  8  Additives  of  Cr203,88  and  Si0271  to  A1203  have  the  effect  of 
lowering  the  temperature  at  which  grain  boundary  slip  occurs. 

It  has  often  been  reported  that  two  peaks  are  observed,  one  usually  larger, 
and  occurring  at  higher  temperatures  than  the  other.  So  far,  only  the  large 
peak  has  been  considered.  An  observed  smaller  peak  at  lower  temperatures  is 
also  affected  by  prec ipitates .  2 1  * 68  * 7 5 ’ 78  In  particular,  pure  A1203  does  not 
exhibit  the  smaller  peak,  but  will  if  either  Cr203,88  l,a203  or  Si0221  is  added 
as  an  impurity. 

Interface  Frictional  Damping79-82 

Two  faces  touching  each  other  and  having  external  shearing  forces  applied 
can  cause  energy  losses  even  though  the  force  may  be  less  than  that  necessary  to 
cause  slippage  between  the  faces.  Using  this  idea,  Reid81  attributed  differences 
in  internal  friction  behavior  of  fused  cast  alumina  specimens  to  different  inter¬ 
granular  bondings.  He  likened  these  grain  boundaries  to  surfaces  in  contact,  but 
spot  welded  at  various  points.  Furthermore,  he  was  able  to  relate  both  internal 
friction  and  strength  to  the  intergranular  bondings,  which  implied  that  internal 
friction  might  be  a  good  nondestructive  test  for  his  specimens . 

Applications  of  Internal  Friction21*74’83*84 

From  the  previous  paragraphs  it  is  apparent  that  the  sources  of  internal 
friction  are  dependent  on  micro-  and  macrostructural  characteristics  of  the 
vibrated  material.  Several  areas  of  study  have  employed  internal  friction 
techniques  and  will  be  briefly  outlined  below. 

1.  Mechanical  fatigue:  Schultz  and  Warwick8’  and  DiBeneditto,  et  al.84 
used  internal  friction  measurements  to  determine  the  extent  of  mechanical  fatigue 
damage  in  composites.  They  concluded  that  the  severity  of  cracking  correlated 
well  with  the  internal  friction. 

2.  Thermal  fatigue  and  shock:  Astbury  and  Davis,74  in  both  thermal  fatigue 
and  shock,  were  able  to  correlate  the  onset  of  cracking  with  drastic  changes  in 
internal  friction  of  A1203.  Similar  results  were  obtained  with  SiC.21 
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3.  Polymorphic  transformation:  Astbury,80  in  examining  the  internal  fric¬ 
tion  of  electrical  porcelain  as  a  function  of  temperature,  observed  peaks  at  tem- 
peraturec  corresponding  to  the  a-8  quartz  transformation.  He  calculated  an 
activation  energy  of  30  Kcal/mole  which  approximates  that  of  alkali-ion  diffusion. 

4.  Porosity  effects:  Astbury  and  Davis71*  and  Neuber  and  Wimmer8'  observed 
internal  friction  to  increase  greatly  with  porosity.  Astbury  and  Davis,  in 
measuring  Young's  modulus  and  internal  friction  as  a  function  of  temperature, 
showed  a  decrease  in  the  former  and  an  increase  in  the  latter  as  the  amount  of 
porosity  was  raised. 

PERSPECTIVE  ON  THE  UTILITY  OF  WATER  QUENCHING 

The  purpose  of  this  section  is  to  consider  the  results  of  water  quenching 
and  how  these  results  relate  to  other  less  severe  quenching  environments,  in 
particular  the  air  quench.  Background  literature  for  this  discussion  is  pro¬ 
vided  in  the  literature  survey. 

Differences  in  behavior  among  materials  undergoing  a  water  quench  are  due 
to  differences  in  (1)  mechanical  properties  and  (2)  geometry.  Dissimilarities 
following  an  air  quench  may  be  traced  to  (1)  mechanical  properties,  (2)  geometry, 
and  (3)  heat  transfer  properties.  It  follows  that  the  water  quench  provides  a 
method  by  which  mechanical  properties  and  heat  transfer  effects  may  be  separated, 
assuming  constant  specimen  geometry  configurations.  For  example,  in  developing 
a  material  having  an  improved  thermal  shock  resistance  under  the  air  quench,  an 
appropriate  starting  point  is  to  modify  mechanical  properties  in  order  to  increase 
its  resistance  to  water  quenching.  Although  a  material  having  increased  water 
quench  resistance  must  have  an  improved  resistance  to  the  air  quench,  the  extent 
of  this  improvement  is  regulated  by  heat  transfer  properties.  Once  the  resistance 
to  water  quenching  has  been  maximized  the  heat  transfer  problems  may  be  pursued. 

It  should  be  emphasized  that  it  is  a  mistake  to  place  sole  reliance  upon  the  water 
quench  in  order  to  rank  various  materials  under  mild  shock  conditions;  test 
apparatus  approximating  the  environment  in  which  the  ceramics  are  to  be  used 
should  be  the  ultimate  test. 


EXPERIMENTAL  PROCEDURES 

All  thermal  shock  tests  were  conducted  under  water  quenching  conditions,  and 
this  required  the  construction  of  a  thermal  shock  apparatus.  Specimens  were  sus¬ 
pended  in  a  vertical-tube,  Kanthal -wound  furnace  by  wrapping  chromel  or  alumel 
thermocouple  wire,  0.005  inch  in  diameter,  around  each  specimen  several  times. 

The  duration  of  suspension,  always  greater  than  10  minutes,  was  determined  by 
the  length  of  time  necessary  for  the  temperature  equilibration  of  the  system, 
indicated  by  a  thermocouple  resting  at  the  midpoint  of  the  specimen.  Water  was 
maintained  at  room  temperature.  Before  conducting  evaluation  tests  on  quenched 
materials  they  were  first  dried  thoroughly  for  at  least  24  hours. 

High  temperature  fatigue  apparatus  was  designed  and  constructed;  however, 
no  results  were  obtained.  The  critical  problem  in  its  future  usage  is  developing 
a  satisfactory  temperature  distribution  in  each  specimen  before  air  quenching. 

A  detailed  description  of  the  apparatus  is  included  in  the  Appendix. 
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Two  methods  for  evaluating  thermal  damage  were  (1)  measurement  of  bend 
strength  and  (2)  internal  friction  measurement.  Bend  strength  was  determined  at 
room  temperature  on  an  Instron  testing  machine  using  a  crosshcad  speed  of  0.002 
inch  per  minute.  The  four-point  loading  fixture  haC  an  upper  span  of  0.25  inch 
and  a  lower  span  of  0.80  inch.  Mean  strengths  and  their  standard  deviations  were 
recorded  on  5  to  8  specimens  in  all  cases.  The  ATC  was  derived  from  curves  plot¬ 
ting  strength  versus  furnace  temperature. 


The  second  method  for  evaluating  thermal  damage  was  by  measuring  sonic 
properties85  E  and  Q'1.  A  specimen  of  rectangular  cross  section  will  vibrate  in 
three  configurations:  (1)  flexural,  whereby  the  amplitude  of  vibration  in  the 
first  mode  resembles  a  sine  wave  along  the  length  of  the  specimen;  (2)  torsional; 
and  (3)  longitudinal.  The  necessary  quantities  to  be  measured  were  F,  the  fre¬ 
quency  of  the  first  mode  of  flexural  vibration;  Ft,  the  frequency  of  the  first 
mode  of  torsional  vibration;  and  Af,  the  difference  between  the  frequencies  at 
half  amplitude  on  the  resonant  curve  defining  F.  These  quantities  were  found 
using  an  apparatus*  capable  of  exciting  and  detecting  frequencies  up  to  25,000 
cycles  per  second.  For  most  geometries,  F  was  within  the  instrument's  range; 
however,  Ft  was  quite  frequently  some  value  in  excess  of  25,000  cycles  per  second 
and  thus  not  subject  to  measurement. 

Two  types  of  transducers  were  employed.  Piezoelectric  transducers  require 
the  careful  positioning  of  a  transducer  wire  against  each  end  of  the  specimen, 
and  input  and  output  signals  are  transmitted  through  the.se  wires.  Piezoelectric 
transducers  enable  F  and  Ft  to  be  measured  and  allow  high  temperature  measure¬ 
ments.  A  significant  disadvantage  to  their  usage  is  the  occurrence  of  copious 
resonant  peaks  unrelated  to  the  specimen.  Electromagnetic  transducers  were  most 
often  used  in  this  work  since  they  do  not  detect  these  extraneous  peaks  and  thus 
the  results  are  more  easily  interpreted.  A  major  disadvantage  of  the  electromag¬ 
netic  transducer  method  is  that  it  does  not  detect  Ft  and  cannot  be  used  at  ele¬ 
vated  temperatures.  Specimens  which  are  less  than  1.5  inches  long  require  the 
transducers  to  be  in  proximity  thereby  causing  interference,  and  nonmagnetic 
ceramics  require  magnetic  armatures  to  be  cemented  on  each  end  of  the  specimen. 

Because  of  the  complexity  of  (6) ,  (7) ,  and  (8)  it  was  necessary  to  compose 
a  computer  program;  a  flow  chart  is  included  in  Figure  3.  The  program  was  par¬ 
ticularly  effective  for  predicting  a  range  of  values  in  which  Ft  should  be  found. 

In  preparing  specimens  for  sonic  analysis,  a  critical  factor  is  the  selection 
of  geometry.  In  general,  both  length  and  mass  should  be  maximized  as  this  in¬ 
creases  tie  accuracy  of  the  test.  Dimensions  should  be  parallel  and  in  this  study 
machining  dimensions  were  specified  to  within  +0.001  inch.  Specimens  which  vi¬ 
brated  with  piezoelectric  transducers  require  a  roughing  of  the  surface  at  the 
point  where  the  transducer  wires  contact  the  surface.  In  applying  magnetic  arma¬ 
tures  to  ceramics,  shim  metal  of  thickness  approximately  0.005  inch  was  cemented 
to  the  ends  of  each  specimen,  and  each  armature  weighed  of  the  order  of  0.05  grams. 
A  hard  fast-drying  cementt  normally  used  for  attaching  strain  gages  gave  satis¬ 
factory  results.  Because  of  the  low  total  weight  of  the  armatures  and  cement, 
there  was  only  a  negligible  effect  on  the  final  measurements  of  I  and  Af. 

*Magnatest  Elastomat  Type  FM-500,  Magnaflux  Corn.,  Chicago,  Illinois 
tSR-4  Bonding  Cement,  BLi!  Electronics,  Inc.,  Waltham,  Massachusetts 
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Figure  3  Flow  chart  of  computer  program  for  calculating  E,  G,  and 


A  final  consideration  in  sample  preparation  is  the  method  of  supporting  the 
specimens.  Internal  friction  of  a  light  specimen  is  affected  in  a  drastic  manner 
if  the  support  wires  arc  located  on  a  portion  of  the  specimen  which  has  vibration 
amplitude  rather  than  at  a  nodal  point  where  there  is  no  amplitude.86  All  inter¬ 
nal  fn.cion  measurements  were  conducted  in  the  first  mode  of  flexural  vibration 
and  tae  two  support  wires  were  located  at  a  distance  equal  to  approximately  0.225 
times  the  total  length  from  each  end  which  corresponds  to  the  nodal  points  It 

should  be  noted  that,  contrary  to  what  might  be  expected,  the  positioning  of  the 
wires  had  ittle  actual  effect  on  the  internal  friction  measurements.  This  mav 
have  been  due  to  the  relatively  heavy  weight  of  the  specimens,  typically  three 
grams  or  higher,  figure  4  illustrates  a  setup  uiing  electromagnetic  transducers. 


After  many  measurements,  a  standard  sequence  of  events  evolved  when  deter¬ 
mining  L  G,  and  y.  (1)  Using  electromagnetic  transducers,  F  was  measured.  The 

rho  ^  311  hlgh^r  modes  of  flcxural  vibration  have  a  Lissajous  figure  on 

h-  oscilloscope  trace  having  the  appearance  of  an  ellipse  or  circle.  However 

a  a  frequency  approximately  one  half  the  first  mode  of  vibration,  a  figure  eight 
p  ern  emerges.  This  was  the  cr.'terion  used  in  deciding  whether  a  resonant 
frequency  was  F  or  one  of  the  higher  modes  of  vibration.  An  imperfect  or  dL- 
ortcd  Lissajous  figure  usually  indicates  the  presence  of  a  perturbation  in  rhe 
system,  such  as  loose  armatures.  If  E  was  the  only  property  desired,  v  was  as- 

vaTue  of  CqUa  ?'2S  w  E  WaS  comPutcd  from  thc  dimensions  F  and  the  assumed 

‘f  ,  V'  n*ernal  friction  was  measured  employing  the  bandwidth  method  because 

•  J]  1%ge.,Value\of  internal  friction  encountered.  Thus,  Af  was  also  deter - 

For  u'tn  h  Sing  thC  C°mputcr  Pro8ram  and  the  above  value  for  F,  F»  was  predicted. 

For  v  to  be  any  reasonable  value  (0.10  to  0.30),  where  v  -  f(F,  Fr),  Fr  must  be 

^"must  he°HVt  CS  T’1™  3  ra,1SC  °f  0nly  3  fcw  hundrcd  cycles  per  second.  Since 
ereat K-  te™ined  using  piezoelectric  transducers,  use  of  the  computer  program 

greatly  facilitated  distinguishing  Ft  from  all  other  extraneous  peaks.  (3)  After 
Ft  was  located,  F,  G,  and  v  were  recalculated. 

Sonic  properties  at  elevated  temperatures  were  also  measured,  using  piezo¬ 
method10  vranS<?UCCr:;-,  InfCn,al  friction  wa*  measured  by  the  usual  bandwidth 
method.  Young  s  modulus  necessitated  thc  -sc  of  the  following  equation, 

B  Ft2 

“R  Fr^  [1  +  a (T  -  Tr)]’  (12) 

where  the  subscripts  T  denote  temperature  of  measurement  and  TR  room  temperature 

„  ;  ‘Sh"  'LU",qU,C  *?  thi!  arca  0f  ‘-vcs^gation  arising  frL  rhorlaTex^n 
w^"  1  he  necessity  to  continually  readjust  the  compression  on  the  transducer 

C‘  temperature  changed,  requiring  movement  of  the  transducers  by  hand. 


1-T  = 


T  ransducer 


Armature 
Wire  Support 


Nodal  Point 


Figure  4.  ypical  sample  setup  when  using  electromagnetic  transducers. 


SIGNIFICANT  RESULTS  AND  DISCUSSION 


Many  of  the  results  of  this  investigation  have  been  or  will  be  published.87'94 
For  the  material  covered  elsewhere  detailed  analysis  of  the  data  on  which  those 
results  are  based  will  not  be  discussed,  although  the  results  will  be  summarized. 

The  strength  behavior  of  several  boride,  carbide,  and  nitride  ceramics  after 
water  quenching  is  represented  in  Figures  5,  6,  and  7.  The  ATC,  denoting  the  AT 
at  which  initiation  or  propagation  of  the  strength-controlling  crack  occurs,  is 
the  most  useful  parameter  derived  from  these  figures  and  reflects  the  relative 
resistances  of  these  ceramics  to  thermal  fracture.  Using  ATC  as  the  criterion, 
ten  materials  were  ranked  as  to  increased  thermal  fracture  resistance  under  con¬ 
ditions  of  thermal  shock  into  water  at  room  temperature  (Table  1) .  Equation  1 
relates  the  thermal  shock  parameter  R  to  mechanical  properties  which  should  enable 
an  investigator  to  predict  thermal  fracture  resistance  knowing  S,  E,  v,  and  a. 
Table  2  shows  the  ranking  according  to  R  and  the  mechanical  properties  used  to 
calculate  R.  In  Figure  8,  R  and  Tc,  the  furnace  temperatures  from  which  the 
specimens  were  quenched  causing  thermal  fracture,  are  compared,  and  except  for 
B4C  very  good  agreement  exists  between  R  and  Tc .  Seaton  and  McCauley88  concluded 
that  the  Tc  intercept  implies  an  effective  water  quench  temperature  in  excess  of 
100  C.  Thus,  an  important  result  is  that  careful  control  of  water  temperature 
is  unnecessary  when  Tc  is  greater  than  200  C. 

Seaton  and  Dutta89  observed  that  behavior  which  indicates  a  change  in  ther¬ 
mal  crack  propagation  from  a  kinetic  to  quasistatic  mode  as  the  average  grain 
size  in  B4C  was  increased  from  2  pm  to  16  pm.  Such  a  change  in  behavior  may  be 
explained  by  Hasselman's  "Fracture-Mechanical  Theory". 


Figure  5.  Strength  behavior  of  thermally 
shocked  high  boron  ceramics 
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Figure  6.  Strength  behavior  of  thermally 
shocked  SiC 


Figure  7.  Strength  behavior  of  thermally 
shocked  Si,N.  ■ 

3  4 


AT  (°C) 


Table  1.  RELATIVE  RESISTANCES  OF  VARIOUS  CERAMICS  TO  THERMAL  FRACTURE  DURING 
WATER  QUENCHING.  VALUES  OF  aTc  DERIVED  FROM  FIGURES  7,  8,  AND  9. 


Rank 

Material* 

4Tc(°C) 

Description 

1 

B4C-1 

Hot  Pressed  -  Avg  Grain  Size  =  16  ym 

2 

TTB2 

180 

Hot  Pressed 

3 

B4C-2 

Hot  Pressed  -  Avg  Grain  Size  =  2  ym 

4 

A1 203+ 

Cold  Pressed  -  Sintered 

5 

SiC-1 

265 

Recrystal  1 ized 

6 

Composite* 

-mmm 

Ba-Mica/Al 203  Composite 

7 

SiC-2 

Reaction  Sintered 

8 

SiC-3 

415 

Hot  Pressed 

9 

Si 3N4-I 

Reaction  Sintered 

Si 3N4-2 

Hot  Pressed 

^Unless 

otherwise  stated 

dimensions 

=  0.250"  x  0.125"  x  2.5" 

tDimensions  -  0.125"  *  0.100"  *  1.5" 

Table  2.  CALCULATED  RESISTANCES  OF  VARIOUS  CERAMICS 

TO  THERMAL  FRACTURE  UNDER  SEVERE  QUENCHING 

Rank 

Material 

St  (107) 
dyne/cm2 

E  (1010) 
dyne/cm2 

V 

a  (10-6) 

(°c-i) 

0  za 
£2 

1 

SiC-1 

116.1 

236.1 

4.8  (1) 

83 

2 

SiC-2 

212.8 

359.3 

.15 

4.0  (2) 

126 

3 

Si 3N4-I 

122.5 

125.8 

.27 

3.2  (1) 

222 

4 

B4C-I 

451.5 

410.9 

.26 

2.4 

339 

5 

B4C-2 

451.5 

401.2 

.24 

2.4 

356 

6 

SiC-3 

612.7 

416.0 

.15 

3.4  (3) 

368 

7 

Si 3N4-2 

516.0 

297.3 

.25 

2.8  (4) 

465 

(1)  Alliegro,  R.  A.,  and  Coes,  S.  H.,  ASME  72-GT-20 

(2)  Estimated 

(3)  Lange,  F.  F.,  ASME  72-GT-56 

(4)  Torti,  M.  L.,  Weaver,  C.  Q. ,  and  Richerson,  0.  W.,  ASME  72-GT-19 
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Internal  friction  is  useful  for  evaluating  thermal  shock  damage.  Data  pre¬ 
sented  by  Seaton  and  Katz90  showed  that  some  crack  growth  could  be  detected  below 
ATC  by  internal  friction  measurements.  Internal  friction  and  hence  total  crack 
area  increases  rapidly  once  ATC  is  exceeded.  However,  the  discontinuity  in 
strength  values  observed  at  ATC  is  not  reflected  in  Q'1. 

Seaton  and  Katz91  demonstrated  the  existence  of  acoustic  fatigue  at  low 
strain  levels  in  T;B2.  Because  strengtn  degradation  due  to  sonic  vibration  was 
not  accompanied  bv  an  increase  in  internal  friction,  implying  little  or  no  change 
in  crack  surface  area,  a  proposed  mechanism  for  acoustic  fatigue  was  the  coales¬ 
cence  of  microcracks.  This  idea  was  confirmed  by  microscopy  which  indicated  a 
reduction  in  the  crack  density  but  an  increase  in  the  average  length  of  the  cracks. 
This  result  may  have  particular  relevance  in  applications  such  as  the  turbine 
engine.  I"  subcritical  cracks  were  formed  via  thermal  fatigue  processes  the 
mechanical  vibration  could  conceivably  induce  acoustic  fatigue. 

Some  interesting  but  unpublished  results  concerning  high  temperature  internal 
friction  of  TiB2  provides  further  information  on  the  anomalous  peak  alluded  to 
in  the  literature.  The  TiB2,  subject  to  oxidation,95  was  exposed  to  the  ambient 
atmosphere  as  internal  friction  was  measured  as  a  function  of  temperature.  Fig¬ 
ure  9  shows  a  well-defined,  anomalous  internal  friction  peak  beginning  at  about 
500  C.  Concurrently,  a  second  glassy  phase  appears  at  the  grain  boundaries  in 
Figure  10.  X-ray  diffraction  patterns  were  taken  of  powder  samples  from  the  oxi¬ 
dized  material  in  order  to  analyze  the  phases  present,  and  TiB2,  Ti02  (rutile), 
and  a  vitreous  phase  were  readily  identified.  The  B203  was  confirmed  to  be  the 
vitreous  phase  by  quenching  hot  specimens  in  water  which  hydrated  the  glass.  The 
resulting  crystalline  phase,  B203  x  H20,  was  then  identified  by  X-ray  diffraction. 

Two  possible  explanations  account  for  the  presence  of  the  anomalous  peak. 

(1)  Grain  boundary  sliding,  enhanced  by  B203  precipitated  at  the  grain  boundaries, 
commences  at  approximately  500  C.  This  temperature  is  also  the  melting  point  of 
B203  and  helps  explain  the  occurrence  of  grain  boundary  sliding  at  500  C.  How¬ 
ever,  as  the  temperature  increases,  the  high  vapor  pressure  of  B203  results  in  its 
being  vaporized,  decreasing  the  grain  boundary  sliding.  (2)  The  B203  promotes  an 
anomalous  peak  similar  to  that  observed  when  excess  U  precipitates  on  the  grain 
boundaries  of  UC.78  Both  of  the  above  explanations  are  plausible,  but  not  enough 
data  exist  to  distinguish  between  them.  From  Figure  9,  it  is  apparent  that,  be¬ 
cause  of  the  shift  in  the  peak  with  frequency,  the  anomalous  peak  is  a  true 
relaxation  peak  supporting  either  of  the  two  above  hypotheses. 

A  final  unpublished  result  is  the  dependence  of  E  on  temperature  for  ther¬ 
mally  shocked  and  unshocked  A1203.  Young's  modulus  of  A1203,  water  quenched  from 
a  temperature  sufficient  to  nucleate  thermal  fracture,  initially  increases  up  to 
100  C.  From  that  temperature  upward  E  decreases  slowly,  having  a  slope  similar 
to  that  of  the  unshocked  A1203  (Figure  11) .  Assuming  that  the  100  C  temperature 
corresponds  to  the  vaporization  of  water  from  the  thermal  cracks,  it  is  apparent 
that  the  presence  of  water  somehow  increases  the  rigidity  of  the  cracked  alumina 
body.  This  obviously  occurs  through  a  transient  temperature-dependent  mechanism, 
the  nature  of  which  cannot  be  inferred  from  the  data. 


•y 

Figure  8.  Tc(°C)  versus  R(°C)  for 

•  SiC  (Ref.  21) 

/f 

various  ceramics  using  data  from 

o  Reaction-Bonded  SUN. 

Tables  1  and  2  unless  otherwise 

O  3  4 

indicated. 
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Figure  9.  Internal  friction  of  TiB2  as  a  function  of  temperature  for  two  different  specimens 
The  frequency  difference  between  the  two  samples  affected  by  altering  the  specimen  geometry. 
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Figure  10.  TiB2  grain  boundary  after  being 
heated  to  600  C  in  ambient  atmosphere. 
Mag.  10.000X 


Figure  11.  Young's  modulus  of  Al203. 
quenched  (AT  =  450  C)  and  unquenched 
(AT  =  0  C)  into  water,  as  a  function 
of  temperature. 


APPENDIX  A.  THERMAL  SHOCK  FATIGUE  APPARATUS 


Thermal  shock  apparatus  for  high  temperature  then fatigue  (Figure 

A-ll  was  constructed  from  an  idea  originating  with  Ford  Motor  Company, 
purpose  of  the  thermal  fatigue  apparatus  is  to  allow  the  automatic  posit  10  g 

of  samples  alternately  at  high  temperature  and  air  hiast  station^  By  inser  g 
various  timer  modules*  having  different  timing  scales  **  *0 

any  time  interval  at  each  station.  The  rotary  ^  tablet  may  be  Rusted 
ston  at  4  6  12  or  24  stations  per  revolution  of  the  table,  and  the  col^c^ 

quenches  the  specimens  as  they  are  brought  from  a  high  temperature 


station. 


Figure  A-1.  High 
temperature 
fatigue  apparatus 

19-066  1019/AMC-73 


*IIP-5  Series  Timer,  F.agle  Signal,  Davenport ,  Iowa 
+Model  B311 1-003,  Bellows  Valvair,  Akron,  Ohio 


Preceding  page  blank 
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The  wiring  diagram  of  the  high  temperature  fatigue  apparatus  is  shown  in 
Figure  A-2.  The  timer  initiates  rotation  of  the  table  by  activating  a  delay  relay 
(TR)  .  One  function  of  the  relay  if  to  close  the  circuit  between  terminals  3  and 
4  on  the  rotary  feed  table,  which  energizes  the  solenoid  allowing  the  table  to 
rotate  to  the  next  station.  The  other  function  of  the  relay  is  to  momentarily 
open  the  supply  current  circuit  to  the  timer.  This  causes  the  timer  to  auto¬ 
matically  reset  the  specified  time  interval  required  at  each  station.  The  orange 
pilot  light  identifies  switch  S12  which  closes  the  circuit  to  the  rotary  feed 
table,  and  the  red  pilot  light  denotes  switch  S02  which  closes  the  circuit  to  the 
delay  relay  and  timer. 


Rotary  Feed  Table 


To  Timer 
1  2 


00000 


Counter 


Internal  ji _ _ 

!  impiitM  [i  _ imr  1 

1  Switch  Solenoid  | 

Air  Motor 

& _ * _ i  T--- _ 


t . *J !  H‘  Tf*nt,tfrn>f 

Terminal  Bo«4'V  |  fljif) 


Pilot  Light 
(Orenge) 


1 10  V  AC 


Pilot  Light  (Red)  ^  2  |  I  6 


Figure  A-2.  Electrical  wiring  diagram  of  high  temperature  fatigue  apptiratus 
(drawn  by  R.  F.  LaSala) 
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